Introduction 44
Trace elements are preserved in speleothem calcite and are increasingly used either in 45 chronology (where trace elements vary rhythmically; Smith et al., 2009) and congruent dissolution of bedrock and soil clasts (Hansen and Postma, 1995) , and the 55 amount of prior calcite precipitation (PCP). Variable soil water residence times (related to 56 climatic conditions) and degrees of mixing between recently infiltrated precipitation, existing 57 older soil water, and vadose zone water may lead to variable elemental compositions for 58 elements that are released by kinetically controlled reactions, such as weathering of primary 59 silicate minerals (Appelo and Postma, 2005) . Regardless, the trace element distribution in 60 speleothem deposits will be related to the infiltration water geochemistry and further 61 modified during calcite precipitation. For full reviews, we refer the reader to Fairchild and 62 Treble (2009), Fairchild and Baker (2012) and Tremaine and Froelich (2013) . 63
64
Trace elements have been widely investigated in speleothem paleoclimatology because they 65 can give insights in the multitude of processes that determine infiltration. However they have 66 yielded quantifiable paleoclimate proxies in only a limited number of cases. The majority ofresearch has focussed on Mediterranean, temperate and alpine climatic regions, where mean 68 annual precipitation (P) is typically greater than mean annual evapotranspiration (ET). 69
Pioneering initial research by Roberts et al. (1998) 
demonstrated annual variability in Sr/Ca, 70
Mg/Ca and Ba/Ca in a temperate climate Scottish speleothem. Fairchild et al. (2000) 71 demonstrated that variations in water availability, which control the extent of prior calcite 72 precipitation (PCP) and incongruent dissolution of bedrock could be the primary controls on 73 speleothem Sr/Ca and Mg/Ca, and this has been recently demonstrated through the 74 investigation of many diverse sites by Tremaine and Froelich (2013) . In drier conditions, 75 there is longer water residence time in the epikarst leading to decreased drip rates and 76 enhanced CO 2 degasing. This system results in higher Mg/Ca and Sr/Ca ratios than those 77 found in congruent dissolution of limestone due to preferential removal of Ca (Tremaine and events that mobilise soil organic matter and colloids . Where trace 81 element variations occur regularly, such as in climate regions with strong seasonality, high 82 resolution (sub-annual) analysis of these trace elements in speleothems provides an annual 83 chronology (Smith et al., 2009 ), which has been successfully used to provide high precision 84 records of past climate (for example, Sundqvist et al., 2013) . 85
86
Although karst infiltration water trace element geochemistry increasingly is well understood, 87 the majority of research has been undertaken in temperate to alpine environments, where on 88 average mean annual P>ET. In these environments, soil organic matter is relatively abundant, 89 soil geochemistry is primarily controlled by weathering of the underlying bedrock, and 90 infiltration and associated speleothem deposition can be considered to be relatively 91 continuous . These conditions contrast those in more arid 92 environments: where P<ET, soil organic matter may be limited and the soil is poor in 93 nutrients such as phosphorus. In these regions evaporation processes dominate over 94 infiltration, leading to salt accumulation within the soil profile (McDonald et al., 2007) . With 95 increasing aridity, aeolian processes and dust deposition becomes an increasingly important 96 contributor to the soil geochemical profile (Greene et al., 2009 ). Soil trace element 97 geochemistry therefore depends on the interplay between the extent of soil salinisation 98 (controlled by ET), the proximity of potential dust sources, a site climatology that permits 99 dust transport and deposition, the soil organic matter content and character, and the bedrockConsequently speleothem deposition, and thus trace elemental composition, can be 102 considered to be episodic rather than seasonal. In a pioneering study in SE Australia, 103 
Study site 128
The Cathedral Cave in Wellington, NSW, Australia is located at 32 37'S; 148 56'E, in a 129 Centre (Australia Bureau of Meteorology). There is a significant seasonal temperature 132 variation with monthly mean maximum ranging from 15 °C in July and 32 °C in January 133 (Johnson 1975) . The site of this study is within the massive limestone, with a red-brown soil 136 comprising clays, iron oxides, fine quartz sands, and calcite nodules (Frank, 1971) , with 137 aeolian contributions (Hesse and McTanish, 2003) . 138
139
Wellington is situated within a region where dryland salinity occurs. Dryland salinity is often 140 due to deforestation over the last 200 years, which results in the saline groundwater entering 141 the soil by capillary action and subsequent evaporation resulting in the accumulation of salts. 142
Regional soils are ubiquitously affected by aeolian dust deposition, with current estimates 143 ranging from 13 -50 t km -2 a -1 in southeast Australia (Green et al., 2009). Potential dust 144 sources are diverse, and include distal arid climate sources such as Lake Eyre, and proximal 145 sources from deflation of alluvial material in the Murray-Darling Basin (Hesse and 146 McTanish, 2003) . 147
148
The geomorphology of Cathedral Cave has been extensively researched (Osborne, 2007) and 149 has abundant evidence of hypogene formation processes in addition to conventional meteoric 150 water features, arguably typical of many caves in SE Australia (Osborne, 2010) . The cave has 151 (2012) described infiltration patterns and processes within the cave, and identified that 156 infiltration only occurs after high magnitude and duration rainfall events, with a total 157 precipitation of over ~60mm within 24-48 hours, however the necessary amount of rainfall 158 needed can vary dependant on antecedent conditions. Such rainfall events occur very 159 infrequently, typically 0-2 times a year, and require slow-moving weather systems. In winter, 160 this is mostly likely associated with westerly frontal rainfall, where the associated low 161 pressure system is slow moving, deep, and relatively close to the site. In summer, instability 162 and associated convective rainfall caused by slow moving or stationary troughs and 163 associated upper level systems, draws moist, unstable air from the north of the region. These 164 previous investigations have identified a section of the cave that had numerous near-surface, 165 intermittent dripping sites (see Figure 1a) . Our irrigation experiment was therefore located 166 above this section of the cave, and the two dripwater sites reported here were designated as 167 Sites 1 and 2 (Figure 1b) .
Methods 170

The irrigation experiment 171
In this study, an area, of approximately 3 × 7 m, directly above the study area in Cathedral 172
Cave was irrigated with Wellington town supply water. The experiment was done in the 173 height of the Australian summer and the antecedent soil moisture was very low (soil moisture 174 was measured at the nearby Wellington Research Centre as 0.1 weight fraction at the time of 175 the study). Two Monsoon pumps were used to distribute the irrigation water from a 1600 L 176 tank. The irrigations were carried out over a period of two hours each morning, for four 177 consecutive days from the 8th January 2013. The volume and size of the irrigation area was 178 chosen to achieve equivalent of more than 60 mm of rainfall over the irrigation site. Of these, the following elements were considered reliable for interpretation Ca, Mg, Si, Sr, 223
Ba, Cu, and Ni. P and Pb were below the detection limit (10 µg l -1 and 0.10 µg l Aqualog fluorescence spectrometer was used, which measures both absorbance and 231 fluorescence within the same instrument, with the absorbance data used to correct for any 232 reabsorption (or inner-filter) effects. Fluorescence excitation-emission matrices (EEMs) were 233 collected using an excitation range of 240 to 400 nm, with a step-size of 3 nm, and emitted 234 fluorescence detected between 210 and 600 nm with a CCD detector, at a spectral resolution 235 of 1.64 nm and integration time of 1 s. All data was inner-filter corrected, scatter linesmasked, and Raman normalised (to a mean Raman intensity of water in a sealed water cell, 237 excited at 380 nm, of 200 intensity units), using proprietary Aqualog software. The resultant 238 dataset of 83 EEMs was analysed using parallel factor analysis (PARAFAC) using 239
Eigenvector Research Solo © software. The PARAFAC method models the resulting data 240 cube and extracts fluorescence components. Standard checks (split-half analysis, core 241 consistency analysis, the presence of physically meaningful components) were applied to the 242 resultant models to ensure model integrity (Stedmon and Bro, 2008) . This resulted in a three 243 component PARAFAC model being adopted. 244
245
The trace element concentrations and the PARAFAC scores were analysed by PCA for each 246 individual site. PCA was performed in the PLS toolbox (Eigenvalue Research, Inc.) with the 247 data auto-scaled prior to the analysis. 248
249
Water isotopic composition of irrigation and dripwater samples was determined using an 250
LGR-24 d off-axis, integrated cavity output, cavity ringdown mass spectrometer (ICOS 251 crushed to a ca. 20 micron powder in a tungsten-carbide ring mill. Soil samples were 262 prepared by drying for 3 hours at 90 °C, followed by grinding to a ca. 20 micron powder in a 263 mortar and pestle. The powdered samples were used for XRD analysis. Analysis for major 264 and trace elements was performed by preparing a glass bead using 1:10 weight percent of the 265 powdered sample in a 12:22 lithium metaborate flux (Norrish and Hutton, 1969) . The 266 resulting bead was analysed for the major elements using a Panalytical PW2400 wavelength 267 dispersive XRF Spectrometer fitted with a rhodium anode end window X-ray source and 268 calibrated using glass beads prepared from the Panalytical WROXI element set and processed 269 using the Panalytical SuperQ software. Semi-quantitative trace element analysis wasconducted on the prepared glass bead using laser ablation ICPMS on a New Wave NWR213 271 laser ablation unit coupled to a Perkin Elmer NexION 300D ICP-MS and calibrated using the 272 NIST 612 silicate glass standard. 273 274 X-ray diffraction of soil and rock samples was performed on a PANalytical MPD 275 diffractometer fitted with a Pixel array detector and a copper anode X-ray source. 276
Measurements were performed between 5° and 70° with a step size of 0.001 2θ whilst 277 spinning the sample. All powders were side-loaded into stainless steel sample holder for 278 analysis. Diffraction data was processed using the PANalytical HighScore Plus software to 279 remove artefacts from copper Kβ radiation, baseline-corrected using a polynomial function, 280 then fitted to a series of pseudo-Voigt functions to obtain the peak areas. A single calcite 281 phase was identified in the cave rock sample. In the soil samples low angle peaks at 9.95 Å, Table 1 , and the complete analysis is given in the Supporting data 311 Table S4 . From these results it appears that Mg is present at similar levels in the soil and in 312 the bedrock, and Ba is only detectable in the soil sample. The soil sample contains a high 313 level of Si. P is only detected in the soil, presumably associated with organic matter. The 314 majority of the limestone bedrock sample comprised of calcite, with trace quantities of other 315 minerals, including quartz. The soil was found to be a mixture of kaolinite, illite, and smectite 316 
Drip rates and dripwater stable isotope time series 320
The time series of drip rate and stable isotopes of the cave dripwater during the four days of 321 the short-term irrigation experiment above Cathedral Cave are plotted in Figure 2 . On Day 1, 322 no dripwater was observed at any of our drip samplers, including Sites 1 and 2. Therefore, we 323 hypothesise that the irrigation water was primarily held in the overlying soil. On Day 2, three 324 hours after the start of irrigation Event 2, dripping was observed at Sites 1 and 2 for a period 325 of two hours and peaking at rates of 8.25 mL min -1 for Site 1 and 2.95 mL min -1 for Site 2. 326
On Day 3, following irrigation Event 3, dripping restarted at Sites 1 and 2 2.5 hours after 327 irrigation commenced and peaked at rates of 12.10 mL min -1 for Site 1 and 10.20 mL min 
Organic matter analysis 364
For the organic matter analysis, PARAFAC indicated that a three factor model provided 365 realistic excitation and emission spectral profiles and appropriately modelled the data. The and is commonly identified as unprocessed, soil-derived humic-like and fulvic-like materialwavelength (peak centred at 400 nm) and is commonly identified as biogeochemically 373 processed humic/fulvic-like material, where aromatic structures have been bio-or photo-374 degraded, with a resulting structure that is less aromatic and/or has lower molecular weight. 375 
Discussion 414
Prior to the experiment the soil surface above the cave was dry and there were no active drip 415 sites, which is generally the case for the site. Dripping only activates after major rain events 416 of more than about 60 mm, although this depends the on antecedent conditions of the soil 417 (Jex et al., 2012) . In this area of the cave, dripping will only last for a maximum of two 418 weeks in accordance with the semi-arid conditions of the site. The residual soil moisture is 419 immobile for long periods of time between events and able to equilibrate with minerals and 420 organic material in the soil. The flow path on the cave wall below the exfiltration point is 421 observed to dry up between rain events to presumably leave traces of dissolved salts and 422 organic matter. Evidence of organic matter deposition can be seen by the discolouration along 423 the flow paths (see Figure S2b ). This could explain the high concentrations of both trace 424 element and organic components during the first flush on the second day of the experiment. 425
Also, it was seen albeit to a smaller degree on the subsequent days, indicating that the system 426 was continually wetting up during the entire experiment. A conclusion supported by the more 427 sustained dripping on subsequent days. 428
429
During this study, the drip rates for Site 1 were consistently higher than for Site 2 and had a 430 longer recession on Day 3 (Figure 2 ) and at the end of dripping after Event 4 (not shown). 431
However, the longer recessions at Site 1 only corresponded to a small additional volume, for 432 example on Day 3 there was an additional 96 ml at Site 1 after dripping stopped at Site 2. We 433 believe the small differences in the hydrology of the two sites are due to the flow paths for 434
Site 1 and 2 only diverging within the cave (see Figure S2b) . During periods of high drip 435 rates all sites are activated (additional dripping was observed at three adjacent sites). As the 436 drip rate slowed the outer flow paths dry up and dripping ceased at these sites, with Site 1 437 having a longer recession as it appears to be supplied by the central flow path.
The hypothesis that the irrigation water was initially held in the overlying soil is supported by 440 the morphology of the site and the deuterium results. The area irrigated was 3 x 7 m with a 441 continuous thin surface soil layer that we estimate to generally vary between 0-0.3 m. 442
However, additional soil is present at deeper levels in fractures in the underlying bedrock. In addition, the appearance of an increase above the background natural variability of 450 deuterium in the dripwater confirms that the water from Day 1 was initially stored in the 451 overlying soil. Since this increase was not observed until the end of dripping on Day 2 this 452 demonstrates that the initial cave dripwater on Day 2 was stored water from before the 453 irrigation experiment, pushed into the cave by the applied irrigation water, and that the 454 irrigated water did not start to appear until the end of dripping on Day 2, with the majority of 455 the irrigation water appearing on Day 3. 456
457
The deuterium data permits an estimation of dilution of the irrigation water (in the tank) with 458 pre-existing soil and vadose zone water. The deuterium value measured for the irrigation 459 water on Day 1 was 6100‰ and the maximum deviation from the background of the 460 collected dripwater samples was ~27‰ at Site 1 and ~25‰ at Site 2. Using these values the 461 minimum dilution of the irrigation water was 0.45%. When this dilution factor is applied to 462 the elemental concentrations of the irrigation water, the measured elemental cave dripwater 463 concentrations are several orders of magnitude higher for all elements and organic component 464 scores (values are given Supporting data table S1). This is an important observation as it 465 demonstrates that the organic or elemental signature of the water used for the irrigation does 466 not need to be considered further and validates the use of the artificial irrigation to investigate 467 contributions of soil and bedrock to the chemistry of cave dripwaters. 468
469
In absolute terms the collected dripwater cation inorganic chemistry is dominated by the 470 dissolved Ca with concentrations ranging between 73 and 94 mg l -1 , as would be expected in 471 this system. When comparing to the EC values using the condition that the sum of cations (onthe dissolved cation load. Interestingly, both EC and Ca are observed to decrease when drip 474 rates are decreasing towards the end of each day (Figure 2) . We hypothesise that this due to 475 slower flow on the cave features which allows more time for dissolved CO 2 to equilibrate and 476 degas to the cave atmosphere. This process could be driving PCP and explain the decrease in 477
Ca and consequently EC. Unfortunately, this hypothesis could not be tested by calcite 478 saturation calculations since the experimental setup and collected sample volumes did not 479 allow for alkalinity analysis and reliable pH measurements. 480
481
It was somewhat surprising that the PCA grouped dissolved Si with the limestone bedrock 482 trace elements since the total element analysis demonstrated that Si was of significantly 483 greater abundance in the soil than found in the bedrock (Table 2) This is supported by the concentrations of Si and dissolved aluminium (Table S2 and We hypothesise that the narrow observed range of Si is due to equilibrium control in the soil. 495
We further hypothesise that the PCA grouping of Si with the limestone bedrock trace 496 elements could be due to the frequent precipitation and re-dissolution of Si on the cave 497 features along the flow path related to the drying and wetting events. and Cu provide trace element signatures of soil and only Sr provides a signature of the 563 bedrock, at least over event timescales. At our temperate semi-arid site, long term and 564 frequent aeolian deposition to the land surface has formed a silicate and clay rich soil which 565 can strongly bind Ba (Eylem et al., 1990) , and provides a source of Si. Soil-derived dripwater 566 contains high concentrations of fDOM and associated metals with a high binding affinity. 567
The concentrations of Si, also a soil-derived element at this site, is controlled by the 568 equilibrium of the precipitation of secondary silica minerals. Where water is in contact with 569 the bedrock, Sr should be increasing with time. Over longer than event timescales, dripwater 570 Sr concentration will also be controlled by PCP. This suggests that Mg in the environment of 571 this study is a poor tracer as it has potential sources from soil salt accumulation due to the 572 high ET, a potential source in high Mg clays weathered from aeolian deposition, and a 573 limestone dissolution source. In addition, Mg will vary with the degree of PCP within the 574 bedrock above the cave. This suggests it may be necessary to investigate and interpret thetrace element response to recharge on a site-by-site basis to calibrate these proxies in 576 stalagmites. To test these hypotheses, we consider the recent stalagmite trace element record 577 from the cave. demonstrated that drip rates in this part of the cave increases 10 to 20 days after long-589 duration, high volume rainfall events, and dripping is maintained for several weeks to years, 590 depending on the flow path. We hypothesise that the dripwater from this section of the cave 591 has the same parent hydrochemistry as dripwater from the irrigation events and it has likely 592 to have undergone PCP. 593 594 Figure 6 presents the LA-ICPMS data for Mg, Si, Sr, Cu, P and Ba, normalised to Ca for the 595 stalagmite and Figure 7 shows the loading plot for component 1 versus component 2 from the 596 PCA performed on the stalagmite data. Although P was below detection in the dripwater data 597 concentrations were significantly above the detection limit in the stalagmites, and also 598 detectable in the total elemental analysis for the soil (Table 2 ). Whilst a bedrock or a soil 599 component could not be identified there appears to be a clustering of the soil-derived 600 dripwater elements in Ba and Cu with P (and additionally Si). This confirms the Ba 601 concentration being a signature for soil-derived water in the dripwater samples. We 602 hypothesised that the Mg/Sr ratio would not be constant over time and this is confirmed by 603 the separation of these elements in PCA loadings plot (Figure 7) . In the stalagmite, Sr In contrast to temperate and alpine environments it is demonstrated that Mg can have 620 contribution from the soil in addition to being solely bedrock-derived. It is notable that Ba, a 621 typical bedrock-derived element was found to be soil-derived. These results were supported 622 by soil and rock analysis with similar levels of Mg present in the soil and limestone samples, 623
and Ba only detectable in the soil. Analysis of a stalagmite collected from this site supports 624 these conclusions. 625
626
Our results demonstrate that infiltration water trace element composition at a particular semi-627 arid to arid site is likely to be site specific, and highly dependent on the existence of aeolian 628 soil and salt deposits in the soil profile, and the soil salinity as a function of climate. Results 629 from this study suggest that calibration of stalagmite trace element records should be on a site 630 by site basis in these regions thus further research is needed from other sites. We show that 631 Mg/Ca is highly unlikely to provide a unique or stationary paleoclimate proxy in these 632 environments, and that the test of a constant ratio of Mg/Sr in stalagmites as proposed by 633
Tremaine and Frolich (2013) is expected to fail. 634
635
In semi-arid to arid regions, recharge events are infrequent. Yet, the high rainfall amount 636 required to overcome soil moisture deficit and evaporation can lead to recharge, and storage 637 within the soil and the limestone bedrock which in turn can lead to episodes of both 638 continuous and discontinuous dripping and subsequent speleothem formation. This was 639 observed at our site. We have identified suites of trace elements that are indicative of soil and 640 bedrock contact time and dripwater evolution. The observed behaviour of these trace element 641 proxies in relation to speleothem paleoclimate reconstructions will form the basis of future 
